I. INTRODUCTION
In recent years, the fields of application of scanning probe microscopy (SPM) significantly expanded in terms of capabilities to measure a broad spectrum of parameters of surfaces and nanostructures. [1] [2] [3] [4] In the family of SPM, Kelvin Probe Force Microscopy (KPFM) provides the possibility to find local distributions of surface electric potentials. [5] [6] [7] This technique is widely used on conducting and semiconducting surfaces, where it is well supported theoretically and can therefore give quantitative data regarding electronic structure of the surface, for instance, the local work function difference in metals, local dopant concentration or electronic band bending in semiconductors. [8] [9] [10] KPFM also attracted a lot of attention in studies of thin dielectric films, multi-layered systems, heterointerfaces as well as biological objects, showing spatial resolution down to the nanoscale. [11] [12] [13] [14] [15] In this case, the obtained KPFM images are often interpreted in terms of the work function difference between the tip and conducting back-plate supporting the insulator, assuming that the presence of the dielectric medium modifies the KPFM signal. 16 However, these changes in the measured potential are typically treated qualitatively, for example, through variations in charge density. Moreover, the surface potential maps experimentally obtained on heterostructures such as organic field-effect transitors, capacitors, and solar cells are often interpreted as actual ones 13, 17, 18 disregarding additional electric fields introduced by the tip affecting the measured signal. This influence of the tip has two main impacts. One of them is polarization of the dielectric or formation of dipoles. These phenomena have started to be recognized in some recent studies, see, for example, Ref. 19 . However, the other impact factor-which is the tip position, defining the value of the electric field-is still not taken into account in KPFM studies.
We expect that the presence of the tip not only changes the value of the measured potential but also causes change in the potential gradients at interfaces of a dielectric with metal (conductive) contacts, which has been treated as contact resistance and the presence of Schottky barriers. 13, 17 In some KPFM measurements, it has previously been practiced to get the actual surface potential distribution by subtracting the surface potential measured on the grounded sample from that measured on the biased one. 17 Despite this procedure seems like an intuitive approximation, it may cause incorrect interpretation of the results. The weak point lies in the fact that the surface potential distribution is affected by the tip position, which changes the gradients as will be shown below.
To our best knowledge, polarization of the dielectrics and change in the electric field distribution due to the potential applied to the tip have never been treated quantitatively for KPFM measurements and an appropriate theory is missing. In this paper, we show how to include electrostatic forces due to the tip-induced polarization into the solution of the equations for the capacitive forces between the tip and dielectric surface, thus taking into account corresponding changes of the surface potential. The developed approach is used for prediction of the surface potential distribution measured by KPFM on a metal/dielectric heterostructure, and it is experimentally verified on test samples.
II. EXPERIMENTAL METHOD

A. Test sample fabrication
The test samples are designed to consist of two grids of interleaving aluminum stripes (see Fig. 1 ) produced on a glass substrate. The thickness of the stripes is 100 nm, the width is 7 lm, and the periodicity is 20 lm. The entire structure is covered by approximately 200 nm thick film of poly(methyl methacrylate) (PMMA). The mask for the grid is produced by a standard lithography procedure and the aluminum is deposited by sputter coating. The PMMA film is formed by spincoating. Finally, wires are connected to both grids by soldering to provide electrical connections. 
B. KPFM measurements
The samples are investigated by atomic force microscopy (AFM) in tapping mode and KPFM using an NTEGRA Aura nanolaboratory from NT-MDT. Standard NSG01/Pt type PtIr coated cantilevers with tip curvature radius around 35 nm are used for both topography and surface potential measurements. A two-pass scan mode is applied, where the topography is measured during the first pass and the surface potential during the second one. The topography measured in the first pass is used to keep a constant tip-to-sample distance of 10 nm during the second pass. In the KPFM pass an AC voltage of frequency x is applied between the tip and sample. Additionally, a varying DC voltage is also applied. The resulting force on the tip at frequency x is given by
where C is the tip/sample capacitance, z is the tip-to-sample distance, and D/ is the potential difference between the tip and the sample at the scan point. F x is nullified by adjusting V DC so that it matches D/ in each scan point. V DC is then recorded for each scan point and used to generate the surface potential distribution. The measured surface potentials should be interpreted according to the type of material under investigation. On conducting surfaces, D/ corresponds to the difference in work functions, also known as the contact potential difference (CPD), between the tip metal coating and the sample. When applying KPFM to semiconducting or insulating materials, the measurements can be affected by band bending, formation of surface dipoles, or the presence of local charges. An important factor to consider is the local polarization field introduced by the tip as already mentioned in the Introduction and stressed in Ref. 19 .
III. MODELLING
In order to explain the surface potential distributions measured by KPFM on the test samples, a three-dimensional finite element model of the tip/sample system is constructed. The model enables simulation of the electric potential distribution at the sample surface as measured by the tip, as well as the potential distribution at the same applied voltage, but without the presence of the tip. Hence, the main purpose of the model is to verify the assumption that the measured surface potential distribution is heavily affected by the tipinduced polarization of the dielectric film.
A. Method
The simulations are carried out using COMSOL Multiphysics version 4.3. The sample in the model has the same geometry as the test sample (see details below). The model geometry, shown in Fig. 2 , is divided into a tetrahedral mesh. The mesh around the tip apex is refined with a maximum mesh size of 50 nm in order to improve the resolution of the surface potential in the area around the tip. In practice, it is done by placing a 1 lm Â 1 lm Â 0.5 lm box around the tip and refining the mesh only within that box (referred to as "tip box" in Table I ) in order to reduce the total number of elements. The total mesh is constructed using the parameters listed in Table I .
The model utilizes a stationary electrostatic simulation that solves the Poisson equation e r ðx; y; zÞe 0 r 2 /ðx; y; zÞ ¼ Àqðx; y; zÞ;
where e r is the dielectric constant, e 0 is the vacuum permittivity, / is the electrostatic potential, and q is the charge density. Eq. (2) is solved using a set of boundary conditions as a starting point in order to obtain the spatial potential distribution /ðx; y; zÞ. It is assumed that the system does not contain free charges, and therefore, the charge density q is set to zero in the model equation.
The polarization field can be determined from the electric potential distribution by FIG. 1. Top-view optical microscopy image of the aluminum grid geometry.
FIG. 2. (a) 3D
overview image of the model geometry and (b) 2D inset of the geometry, where z is the tip-sample distance, R is the tip curvature radius, h is the half-aperture angle, h t is the height of the tip, h m is the aluminum film thickness, h p is the thickness of the PMMA film, and dh p is the height difference between the areas with and without metal stripes, respectively.
195301-2
Nielsen, Popok, and Pedersen J. Appl. Phys. 118, 195301 (2015) [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. 
This polarization field will cause high potential gradients at the edges of metal stripes during KPFM measurements, because its strength decreases with distance squared. The divergence of the polarization field corresponds to the polarization charge density, which according to Ref. 19 has an impact on the measured surface potential.
The tip domain and metal stripe domains are excluded from the modelling domains, because it is assumed that the electric potential is constant within these domains. Hence, only their surfaces are meshed, and the potential at the boundaries of these domains is set correspondingly to the potential applied during the experiment.
Two simulation sets are carried out representing the KPFM measurements on the grounded and biased sample, respectively. In the first set, the potential at the tip boundary is 2.05 V, as measured during experiments (see Section IV), and all the metal boundaries are at 0 V representing electrical ground. In the second set, the potential at the boundaries of every second metal stripe domain is changed to 3 V, while the rest of the boundary conditions from the first set is kept.
In both simulation sets, the three-dimensional electric potential distributions are calculated for 41 tip positions placed equidistantly on a line between the centres of two neighboring metal stripes. At every position, the tip-to-sample distance is kept at z ¼ 10 nm. The generated surface potential profile along the scan line is recorded for every tip position, and, along with a point spread function (PSF), the simulated/predicted surface potential is generated for every scan point. There is no fitting involved in the simulation procedure. Finally, a single simulation is performed without the presence of the tip in order to emphasize the effect of the tip on the measured surface potential during KPFM.
B. Model geometry
The model geometry includes the cantilever tip, PMMA film, aluminum stripes in the same configuration as in the test samples, and the glass substrate. An overview of the geometry is shown in Fig. 2 . In the model, a box is added around the entire structure in order to determine a model domain. The values of the geometric and material parameters are listed in Table II. The parameters w m , w p , h m , and dh p are measured by AFM. The thickness of the PMMA layer h p is found on an area without aluminum. The tip apex radius of 35 nm is acquired from the manufacturer data sheet. The tip height is, according to the manufacturer, 14-16 lm. The reason for only including the bottom 5 lm of the tip in the model is that the electric field at the apex affects the most the surface potential distribution. According to the work by Elias et al., 20 the upper part of the cantilever tip contributes very little to the KPFM measurement. However, the cantilever beam, according to their work, may have an effect on the measured absolute value of CPD, because the cantilever beam can be affected by the electric potential applied to the sample and thus introduce changes in CPD. However, the beam is not expected to have any significant impact on how the dielectric is polarized by the tip at and around the scan point, which serves as a justification for the exclusion of the cantilever beam from this model.
C. Point spread function
The surface potential measured at a given point during KPFM is not the exact surface potential at that point, but rather a weighted sum of the potential at and surrounding the scan points. The weight function, known as the PSF, decreases with distance to the scan point. The shape of the PSF mainly depends on the tip shape and tip-to-sample distance.
In order to simulate the surface potential measured by KPFM, the PSF is applied to the surface potential distribution centered at the tip coordinate for every tip position. As described in Ref. 21 , the weight factors are given by the z-derivative of the tip/sample capacitances C i;t , assuming that the sample surface consists of n small ideal conducting electrodes of potential / i . Hence, the link between the measured surface potential at the tip position, / t , and the surface potential at the i'th electrode is given by
The capacitance gradients are functions of the lateral distance r between the position of the tip and the ith electrode. These are obtained from COMSOL Multiphysics 4.3 using the tip geometry parameters listed in Table II . 
IV. RESULTS AND DISCUSSION
A. AFM and KPFM measurements
The images of AFM and KPFM measurements on the test sample are shown in Figs. 3(a) and 3(b) , respectively. From the AFM results, it is observed that there is a height difference of approximately 80-100 nm between areas with and without the metal stripes (top panel of Fig. 3(c) ), confirming that the PMMA film follows the sample geometry shown in Fig. 2 .
The KPFM measurements on the test sample with both grids grounded show a periodic surface potential distribution (middle panel of Fig. 3(c) ) corresponding to the sample geometry with lower surface potential on PMMA with underlying metal stripes. The difference in surface potential between the areas on the stripes and those on the glass is measured to be approximately 190 mV. During this measurement, the CPD between the tip and the aluminum grid was found to be 2.05 V. This could indicate surface oxidation of the aluminum stripes, because the CPD between PtIr and pure aluminum should be around À1.2 V. The CPD between PtIr and aluminum oxide, on the other hand, is about 1.7 V, 22, 23 which is close to the measured value. Energy-dispersive x-ray spectroscopy measurements on a sample without PMMA confirm the suggestion about oxidation by showing a high concentration of oxygen on an aluminum stripe, which is most likely to be caused by the wire soldering process to make contacts to the grid.
For the case of 3 V applied to one of the grids with the other one grounded, the potential difference between the biased and grounded stripes is measured to be around 1.9 V (see bottom panel of Fig. 3(c) ) instead of expected 3 V. It is also observed that the potential gradient, i.e., the steepness of the potential profile, is considerably larger at the grounded strip edges compared to those with 3 V applied. These areas are marked by ovals in the bottom panel of Fig. 3(c) . Both effects are suggested to be caused by the tip-induced polarization of the dielectric. The induced polarization field counteracts the externally applied field thus reducing the measured potential difference. It is obvious that this effect will be greatest around the grounded stripes, where the polarization is the strongest, which is experimentally found as the highest gradient. It is worth noting that the higher gradient will always be at the grounded stripe edges also if the bias direction is switched.
B. Simulation results
Surface potential distribution
The individual surface potential distributions for the sample with 3 V applied to one of the grids with the other one grounded without and with the presence of the tip at different positions are shown in Fig. 4 . It is observed that the presence of the tip locally changes the potential profile and this change is significantly localized around the tip position as can be seen comparing Figs. 4(a)-4(d) . This is a clear indication how the induced polarization field affects the local surface potential. Summary of individual profiles is given in Fig. 4(e) , and this type of profile is expected from KPFM measurement on the biased test sample. It can clearly be seen that the polarization caused by the tip leads to significant overall change of the potential profile. It should be noted that the point spread function has not yet been applied to the simulation results. 
Point spread function
The PSFs (capacitance gradients) for the tip at z ¼ 10, 20, 30, and 50 nm were obtained from COMSOL and using Eq. (4). The data are fitted to the following equation:
where a is the normalization parameter, b and c are the shape parameters, and r is the lateral distance from the tip position to the calculated point in nanometres. It is fitted with r 2 > 0:999 to the generated PSF data as shown in Fig. 5 . It fulfills the requirement that dPSF r; z ð Þ dr r!0 ¼ 0; (6) which ensures that there is no discontinuity at r ¼ 0. It should be noted that Eq. (5) has no physical origin, but merely is an appropriate function for describing the PSFs for the cantilever tip obtained by simulations.
The shape parameters and full-with-half-maximum (FWHM) values of the PSFs at the different tip-to-sample distances are listed in Table III . The FWHMs of the PSFs generated in this work are comparable to those derived by Cohen et al.
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It should be stressed that the PSFs are generated for a conical tip with a hemispherical apex of R ¼ 35, which is chosen due to manufacturer specifications and represents an ideal case. In used cantilevers, the tips are gradually worn that leads to increase of apex radius, which will cause a broader PSF as shown by Strassburg et al. 25 Also, different tip shapes and sizes would need to use different PSFs; however, this is not considered in this study.
C. Measurement and simulation comparison
The results of the surface potential simulation with both grids grounded and the KPFM measurements are compared in Fig. 6 . At this point, the PSF has been applied in the simulations. It is observed that the measurement and simulation match fairly well. The experimental and simulated results for the biased case are shown in Fig. 7 . Again, it is seen that there is a good agreement between the model and the experiment, demonstrating that both correct surface potential values and profile of the potential can be accurately predicted. It is worth stressing that the tip induced polarization of the PMMA film is taken into account in the simulations.
In order to emphasize the difference between the actual (without tip, i.e., no tip-induced polarization) and the measured (with tip) surface potential distributions, a comparison is shown in Fig. 8 , for the case of 3 V bias applied to one of the grids (left stripe in the figure) . By comparing the profiles with and without the tip, it is clearly seen how the tip affects the measurement. It is observed that the presence of the tip causes larger gradients at the stripe edges compared to the case without the tip and leads to a decrease of the surface potential difference between two neighboring metal stripes from 3 V to 1.85 V. This value is in good agreement with the measured one (see bottom profile in Fig. 3(c) ).
For comparison of our modelling with the method used in Ref. 17 , which is briefly mentioned in the introduction, we simulated the case where the surface potential for grounded grids is subtracted from that of the biased one. It is the profile called "0 V subtracted" in Fig. 8 , and it is significantly different from the profile without the tip (solid curve), which it was intended to reproduce. It is seen that the approach reduces the absolute value of the surface potential profile (short dash curve), but maintains the potential difference between the left and right stripes similar to that simulated with consideration of polarization (dash-dot line). Furthermore, it does not reproduce the potential gradients at the edge of the stripes correctly. Thus, this method can lead to misinterpretation of the obtained KPFM results, especially at the interfaces.
V. CONCLUSION
In this work, we have developed an approach to predict the surface potential distribution on metal/dielectric heterostructures measured by KPFM. The test samples have been designed to consist of two interleaving grids of aluminum stripes deposited on glass substrate and covered by a thin PMMA film. We have shown how the cantilever tip locally changes both the value of the electrostatic surface potential of a dielectric film and the gradient of the potential at interfaces. Good qualitative and quantitative agreement between experimental and simulation results is obtained on the test structures and corresponding model configurations. It has been concluded that the high potential gradients at the interfaces as well as the resulting map of the measured surface potential are highly affected by the additional polarization of the dielectric caused by the tip. This polarization field can be easily isolated in the modelling giving a possibility to quantify its contribution in the experiments. Thus, the approach introduces a physics-based explanation of the electric phenomena under the KPFM measurements on dielectrics and relates them to possible distortions in the recorded data. The model also allows to eliminate speculations in the interpretation of the results concerning effects caused by charges/currents, such as contact resistance or potential barriers.
As a final remark, it should be noted that the model constructed in this work is merely the first step toward a better understanding of the effect of tip-induced polarization that arises during KPFM on metal/dielectric heterostructures. It enables prediction of the measured surface potential distribution on certain structures as well as simulation of the potential that would exist without the tip-induced polarization. As the next step, we see the development of a dynamic model that deals with the force on the cantilever from the polarized dielectric, thus allowing the reconstruction of "true" surface potential from the measured one. 
